Malaria is considered the most important parasitic disease in tropical areas, being responsible for a considerable amount of morbidity and mortality, especially in sub-Saharan Africa, where Plasmodium falciparum predominates, primarily affecting children and pregnant women (WHO 2012) . In areas outside the African continent, Plasmodium vivax is responsible for more than 50% of malaria episodes and in many places, especially where elimination of transmission is within close sight, it is the predominant or even sole species causing malaria, as is the case in large regions of the Americas, the Indian subcontinent and the Pacific Region (WHO 2012) . In the Americas, about half of malaria cases occur in Brazil (PAHO 2008) . In Brazil, where more than 99% of transmission occurs in the Amazon Region, there has been a considerable reduction in the incidence of the disease in recent years, with 241,806 cases reported in 2012 and with P. vivax responsible for 86.9% of these cases (Oliveira-Ferreira et al. 2010 , MS 2013 .
P. vivax is the most geographically widespread species that infects humans and the perception and widespread acceptance that P. vivax presents additional challenges for its elimination (Feachem et al. 2010) (Price et al. 2007 , b, Baird 2013 has led to increased interest in this parasite (Mueller et al. 2009 , Carlton et al. 2011 . Recent studies have demonstrated that P. vivax can often manifest with clinical complications, based on evidence of its occurrence in different settings, especially amongst children (Tjitra et al. 2008 , Poespoprodjo et al. 2009 , Tanwar et al. 2011 , Lanca et al. 2012 . Malaria in children is usually associated with higher rates of complications, therapeutic failure and mortality when compared with adults, regardless of the infecting species, rendering the need for specific attention to be devoted to children, a population that is usually neglected (Crawley et al. 2010) .
Chloroquine (CQ) remains the first-line treatment for P. vivax asexual stages in most areas where this parasite is endemic, despite increasing reports of CQ resistance from many regions, especially from Southeast Asia (Baird 2009 ) and including evidence from the Brazilian Amazon, where the present work was performed (de Santana Filho et al. 2007) . Children usually present a higher risk for antimalarial therapeutic failure, which, to a great extent, has been attributed to a lack of immunity against the parasite (Phyo et al. 2011) . Nonetheless, there are more factors that must be taken into account, such as age-specific differences of pharmacodynamics and pharmacokinetic parameters (Ursing et al. 2014) . The World Health Organization (WHO) recommends CQ administered in the dosage of 25 mg/kg divided over three days (WHO 2010) . Notably, there is no recommendation for an age-specific individualisation of the CQ dosage, even considering the age-dependent changes in body composition and drug metabolism that influence the bioavailability of multiple drugs (Kearns et al. 2003) and the known large-distribution volume of this drug (Ducharme & Farinotti 1996 , Krishna & White 1996 .
In this study, we aimed to evaluate the difference in the P. vivax parasitaemia clearance time amongst hospitalised children with exclusive use of CQ in a tertiary care hospital in the western Brazilian Amazon. Inclusion and exclusion criteria -Children were included in the study if they: (i) were under 12 years-old, (ii) had a confirmed positive thick blood smear for P. vivax mono-infection at admission, (iii) were having their first malarial infection (to avoid heterogeneous immune responses with potential effects on parasite clearance) and (iv) received the standard treatment for vivax malaria with CQ. Patients were excluded if one or more of the following criteria was present: (i) mixed infection (P. falciparum/P. vivax) in the thick blood smear, (ii) thick blood smears not performed on the first five days after the initiation of treatment, (ii) use of antimalarials in the 30 days preceding this episode and (iv) a sub-dose of CQ received (calculated based on the registered prescribed dose and the child's body weight on admission).
SUBJECTS, MATERIALS AND METHODS

Type of study
Malaria treatment and follow-up -Patients admitted to the ward received supervised treatment according to body weight and a daily thick blood smear was collected to assess parasitaemia clearance. During the study period, the treatment for P. vivax infection consisted of CQ (10 mg/kg on day 1 and 7.5 mg/kg on days 2 and 3). In order to deliver the correct dosage, the CQ pills were crushed and diluted in water and the calculated volume was administered by a qualified nurse. If the patient vomited within 60 min after administration, the dose was repeated. Primaquine (PQ) is not recommended for infants below six months for age by the Brazilian National Malaria Control Program (NMCP). In this study, following a specific protocol of the institution, PQ was prescribed for patients older than six months of age (0.5 mg/kg/day for 7 days) only at day 5 of treatment. This allowed for an evaluation of the CQ activity as monotherapy. Physicians were instructed to keep the patient admitted until parasite clearance; however, patients could be discharged at the physician's discretion according to clinical and laboratorial improvement.
Data retrieval -The following data were retrieved from the clinical charts: demographic and epidemiological characteristics (age, gender, previous exposure to malaria and body weight), clinical symptoms (vomiting and/ or diarrhoea), medical prescription and the total leukocyte count. The malaria diagnosis and parasite count were performed using Giemsa-stained thick blood smears. Two microscopists read the slide and registered the parasite counts per 200 leukocytes. The parasite density in parasites/mm 3 for each slide was calculated using the total leukocyte counts of each child. Slides for admitted patients were collected daily (usually in the morning).
Statistical analysis -Categorical variables were described in terms of proportions, while numerical variables were described as the mean and standard deviations if normally distributed or as median and interquartile range if not. Parasite densities, due to their skewed distribution, were described in terms of the geometric mean. The main aim of this study was to evaluate the parasite clearance time, which was defined as the day when a negative thick smear was detected, according to age group. A decision was made to categorise the groups based on age, either younger or older than six months, as age was a muchskewed variable and because six months of age is when the major changes in the percentage of total body water occur (Kearns et al. 2003) . Age is also considered to be the major determinant of CQ blood concentrations (Krishna & White 1996) 
RESULTS
During the study period, 135 patients younger than 12 years old were admitted to the Paediatric Ward of the FMT-HVD with a diagnosis of P. vivax malaria. The main reasons for admission were the presence of clinical complications in 48.1% (mainly anaemia and thrombocytopenia) and the presence of comorbidity in 14.1% of cases (including malnutrition in 2 cases and pneumonia in 2 children). Of the admitted patients, 76.3% were having their first episode of malaria, 57.8% were male and 30 (22.2%) were younger than six months of age. In total, Kaplan-Meier curve shows the cumulative proportion of positive parasitaemia (thick blood smear) during the five-day follow-up after the beginning of therapy with chloroquine in hospitalised children (supervised administration at days 1, 2 and 3, prior to beginning of primaquine, only at day 5). mo: months. 52 children received sub-dosage of CQ, with a considerably higher proportion amongst patients in the younger than six months old group compared to the older age group (54.8% vs. 33.7%; p = 0.033, chi-square test). This finding highlights the vulnerability of this group, given the lack of specific paediatric formulations, to receiving under-dosage even in a supervised health facility setting. There were 54 patients who fulfilled the inclusion criteria for comparison of the time for parasitaemia clearance, with exclusion being due to short follow-up in 58 patients and previous malaria infection and recent exposure to CQ in 29 patients. Characteristics of the included patients are described in Table. In Figure, the Kaplan-Meier curve shows that the group of children under six months of age took considerably longer to clear the peripheral parasitaemia when compared to older children. There is strong evidence that young infants exhibit a delay in achieving a negative blood slide, with a median number of four days required for young children, while older children required three days (p = 0.007; Wilcoxon test).
All children were discharged with a negative thick blood smear and no child was diagnosed as CQ-resistant to P. vivax after the 28-day follow-up in the Outpatient Clinics, even those children who were younger than six months of age and therefore did not take PQ.
DISCUSSION
It is estimated that more than 1.5 billion people live at risk of P. vivax infection (Gething et al. 2012) . Along with reports from the literature describing a wide spectrum of clinical manifestations associated with severe vivax malaria in distinct settings (Tjitra et al. 2008 , Alexandre et al. 2010 , there is evidence that children are a specially vulnerable population (Genton et al. 2008 , Poespoprodjo et al. 2009 , Lanca et al. 2012 , highlighting the need to better understand the mechanisms and clinical complications associated with this infection (Mueller et al. 2009 ). Specifically regarding the concerns of increasing reports of P. vivax resistance to CQ in many areas of the world (Baird 2009) , it is fundamental to characterise the proportion of therapeutic failure and the associated factors, because CQ remains the recommended drug to treat vivax malaria in most endemic areas (WHO 2010).
CQ has been a component of the first-line antimalarial arsenal for both adults and children for more than 60 years, especially due to its remarkable clinical efficacy and low cost (John 2003 , Baird 2009 ). Widely used for the schizontocidal elimination of all species of Plasmodium, the dissemination of CQ-resistant P. falciparum has relegated its utility almost entirely to vivax malaria treatment, for which it is usually prescribed in a dosage of 25 mg/kg divided over three days irrespective of age group (John 2003 , WHO 2010 .
In our study, we found evidence of a difference in P. vivax parasitaemia clearance when comparing children younger than six months old with children between six months and 12 years old being treated for P. vivax infection. Other studies had already described worse responses to CQ amongst younger children with P. falciparum infection. In Guinea-Bissau, children younger than four years of age exhibited a higher failure rate when compared to older children, with both 25 mg/kg and 50 mg/kg total doses evaluated (Kofoed et al. 2007) . A younger age was also one of the predictive factors for CQ treatment failure (along with body temperature and initial parasitaemia) in a multicentre study including Sub-Saharan African countries and Ecuador (Hamer et al. 2003) . In a trial comparing CQ with dihydroartemisinin-piperaquine for P. vivax infection, young age was a strong independent predictor of treatment failure (Phyo et al. 2011) .
The main factors that could explain the finding of impaired antimalarial efficacy in younger children are the different pharmacokinetics and lack of immunity found amongst this particular group. Immunity to malarial infection is an important factor to take into consideration when evaluating antimalarial efficacy and the lack of a proper immune response has been claimed as one of the main reasons for poorer therapeutic response amongst children (Phyo et al. 2011) . However, it is not a factor to be considered in our study, because we have only evaluated children without previous malaria infection. It is also important to consider that children experience many changes throughout their development regarding drug absorption, distribution, metabolism and excretion, resulting in important distinctions in pharmacokinetic and pharmacodynamic parameters when compared to adults (Trape 2001 , Kearns et al. 2003 , Strolin Benedetti & Baltes 2003 . Infants in the first six months of life have a much higher proportion of extracellular volume of water, corresponding to up to 40% of their body weight, especially when compared to older children and adults, for which the extracellular volume of water constitutes approximately 20% (Strolin Benedetti & Baltes 2003) , which may have a considerable effect on the distribution of drugs through body tissues and, thus, an important impact on their blood levels. Pharmacokinetic studies have demonstrated that CQ's large apparent volume of distribution (between 100-1,000 L/kg) is the main determinant of its blood concentration during treatment for acute malaria attacks (Ducharme & Farinotti 1996 , Krishna & White 1996 . Therefore, it is reasonable to assume that the developmental changes in total body water proportions could influence the CQ blood levels and intra-erythrocyte concentration and at least to some extent explain the worse therapeutic response observed amongst younger age groups. For many drugs, the simple body weight-adjusted dosage is not adequate for treatment of children, with recommendations requiring a more complex combination of age range and body weight or body-surface-area-based adjustments obtained from pharmacokinetic studies (Kearns et al. 2003 , Strolin Benedetti & Baltes 2003 . Indeed, a recent study showed that young children being treated for P. falciparum infection have a considerably lower CQ blood level at day 7, with children younger than two years old needing to take double the dose (50 mg/kg) to achieve the same levels as 10-14-year-old children taking the regular dose (25 mg/kg) (Ursing et al. 2014) . This important study also demonstrated that high CQ doses are well tolerated by children and that the adjustment based on body-surface area would lead to less under dosage and blood-level variation than the usual body weight guidance, which could have several implications for drug resistance development among children (Ursing et al. 2014) .
Studies have proposed changes in CQ dosage for children. Obua et al. (2008) conducted a population pharmacokinetics study in Uganda with two age-directed fixed-dose CQ and sulfadoxine combination treatments, concluding that the youngest children would benefit from increasing the dose. A study in Guinea-Bissau with children younger than five years old proposed that CQ doses should be increased to 50 mg/kg in order to obtain better results (Kofoed et al. 2007 ) with another study by the same group assuring the safety of this approach (Ursing et al. 2009 ).
When evaluated in the context of little or no resistance, CQ has a remarkable efficacy, with fast parasitaemia clearance and clinical recovery (Lal 1982 , Walker et al. 1983 , Khoromana et al. 1986 , White et al. 1988 . CQ achieves 80% bioavailability when taken orally (White et al. 1988 , Krishna & White 1996 . In a study from Ghana, CQ administered by tablet was twice as accurate in delivering the drug compared to a syrup formulation (Ansah et al. 2001) , thus reinforcing the belief that with proper usage, crushed tablets of CQ may provide a reliable alternative for children. In Brazil there is no paediatric formulation of antimalarials. In our study the CQ tablets were crushed and administered with water to provide the correct dosage (mg/kg) for each patient.
We observed a high proportion of underdosage in our study, especially amongst the youngest age group, which highlights the need to improve care for this particularly vulnerable and neglected population.
By restricting our analysis to children presenting their first malaria episode and with no evidence of drug underdosage, we aimed to reduce important known biases in order to assess the influence of age on the therapeutic response to CQ against P. vivax. There are, however, limitations to the retrospective design of our study that need to be mentioned, as well as the small sample size due to the scarcity of infants with malaria, which is also common in other endemic settings. The study was restricted to hospitalised patients, who are likely to present distinct characteristics compared to the general population, especially regarding age and the occurrence of clinical complications and comorbidities. The small sample size did not allow for the stratification of patients in narrower age groups and most likely detected a more direct age-response effect. Ideally, the parasite clearance time should be measured using systematic sampling according to time of medication (White 2011) , which could have provided more accurate assessment. This is especially important as the average parasite clearance time observed in our cohort was considerably slower than expected -with a median of 30-60 h (Pukrittayakamee et al. 2000) -and this has been argued as early evidence of drug resistance (White 2011 ) and evidence of P. vivax resistance to CQ in our area (de Santana Filho et al. 2007) , highlighting the need to better characterise the association of parasite clearance with long-term resistance in future studies. Finally, drug blood levels were not measured in our study, as there were no stored samples, which could have added further evidence of age-groupdependent differences in blood levels. The effect of PQ against sexual stages was not addressed in our study because no child used this hypnozoiticidal drug before five days of follow-up. As this 8-aminoquinoline could also synergise with CQ in its action against asexual stages (Pukrittayakamee et al. 1994) , this could impact the parasitaemia clearance time in infants, which was a unique opportunity in terms of our objectives of evaluating the anti-schizontocidal activity of CQ.
This study demonstrated for the first time a slower parasitaemia clearance in children younger than six months of age with vivax malaria treated exclusively with CQ in the Brazilian Amazon. This finding is important as concerns regarding increasing resistance to CQ in the region need to be properly monitored and investigated. The fact that younger infants presented impaired therapeutic efficacy may be a reflection on this group acting as a sentinel for resistance, due to the group's immature immune system and erratic blood levels. It is important to properly characterise therapeutic failure by differentiating drug resistance from inadequate drug use. Special concern must be directed to reports of vivax malaria resistance to CQ restricted to younger populations (Talib et al. 1979 , Memon et al. 1998 , Khichi et al. 2005 ), for which resistance should be carefully characterised in order not to be confused with inadequate blood levels that could be attributed to the already discussed distinct pharmacokinetic and pharmacodynamics parameters (Ursing et al. 2014 ).
It is paramount that children are included in malaria clinical trials and drug resistance monitoring studies in order not to neglect the potential for earlier detection of changing patterns of drug efficacy. Additionally, in a context of a renewed and reinforced agenda of malaria eradication, with P. vivax receiving a boost in attention due to its remarkable particularities, more attention should be directed to the adequate management of children, who constitute an especially vulnerable and neglected population. There is a clear and urgent need for larger and more detailed studies of P. vivax treatment assessing clinical response and pharmacokinetic properties in children, which need to consider stratified age range and body weight in their assessments.
